INTRODUCTION
Last decades were marked by an increasing of world population, accompanied by a change in its distribution. As matter of fact, accordingly to the United Nations, in 2050 urban world population will be twice of the population living in rural areas [1] which will present a new set of challenges for the management and planning of those highly populated regions. Facing the reality summarized above, the implementation of railway infrastructure projects arises as a natural option for developing an efficient, environmentally friendly and economic mass transportation system. However, some drawbacks can be figured out to the implementation of railway infrastructures as for instance the annoyance of surrounding inhabitants due to vibrations and noise elicited by railway traffic [2, 3] . Recent research over the topic allowed stablishing a consolidated pattern of behavior of the physical phenomena [4] : i) the train-track interaction mechanism gives rise to the source of excitation; ii) the energy is transferred to the surrounding ground and travels as elastic waves; iii) the vibrations can impinge nearby structures giving rise to annoyance of inhabitants [5, 6] . Following this main pattern of behavior, several studies have been done regarding surface railway lines, deserving a special reference the studies conducted by the research group of K.U Leuven [7] [8] [9] , by Alves Costa et al. [10] [11] [12] [13] and by Kouroussis et al [14] , among others. Despite the huge research effort putted on the topic of vibrations induced by surface and underground railway infrastructures, all the studies were been confined to those classical cross-section configurations, i.e., surface lines or underground lines. However, in urbanized regions it is often to found a third type of cross-section configuration: the trench cross-section, as can be seen in Figure 1 . The present paper aims to give a contribution to the state of art about ground borne vibrations due to railway traffic, in the precise case of railway infrastructures running in trench cross-sections, i.e., the railway track develops along an excavation supported by propped diaphragm walls, as depicted in Figure 1 . To achieve this objective, a numerical study is developed using a 2.5D FEM-PML model, previously developed by the authors [15] , is adopted.
BRIEF DESCRIPTION OF THE NUMERICAL APPROACH
The numerical approach used on the present studies was previously presented by Lopes et al. [16, 17] . From the numerical point of view, the problem can be divided into two main domains: the stand-still domain corresponding to the ground and the moving domain, corresponding to the rolling stock. Taking this into account, a sub-structuring approach was followed, being the global model constituted by 2 sub-models, as schematically depicted on Figure 2 . Transportation infrastructures, such as roads, railways tracks, pipes, can be often assumed as infinite and longitudinally invariant structures. In such conditions, if the assumption of linear response can be faced as reasonable, it is possible to achieve the solution of the 3D wave propagation through the system by a 2.5D approach, where the equilibrium equations are formulated on the wavenumber-frequency domain. This approach takes hand of the Fourier transformation regarding the railway track development direction and, by that reason, only the cross-section needs to be discretized. In the present study a 2.5D finite element approach is followed, since it allows dealing easily with complex geometries. However a PML technique is needed to avoid the spurious wave reflection in the artificial boundaries. Following the 2.5D FEM-PML approach and after the assemblage of the equations of each individual element, the equilibrium condition is established by the following equation:. The dynamic excitation provided by the train passage can be divided into two distinct mechanisms: i) the quasi-static mechanism; ii) the dynamic mechanism. Regarding the first, its solution is trivial since it corresponds to the movement of the distribution of the dead weight of the train distributed by its axles. On the other hand, the dynamic mechanism arises from the generation of inertial forces on the train due to the traintrack interaction. These inertial effects can be due to different sources, as for instance the track unevenness. Adopting a frequency domain representation of the unevenness, the dynamic interaction loads of each wheelset are given by:
where is the train compliance at the contact points with the track, represents the contact stiffness between train-track, is the compliance matrix of the track and Ω is the driving frequency, i.e., the wheelset oscillation frequency resulting from the unevenness with a wavelength , = 2 ). Matrix can be obtained from simple vehicle model, where only the unsprung masses are taken in account in accordance with Colaço et al. [18] .
CASE STUDY

General description
The selected case study corresponds to a railway line with longitudinal development along a trench cross section. Figure 3 gives an overview of the problem geometry and configuration. As can be seen, the railway track develops between two diaphragm walls connected by an upper strut and by a bottom slab. On the other hand, the material properties are exposed in Table 1 . Red dots in Figure 3a represent the receivers points considered for the numerical study. Due to symmetric condition of the problem, just half of the cross-section was discretized, being the PML's layers in accordance with this assumption. In order to achieve a viable finite element mesh, the practical rule-of-thumb to limit finite element dimension to 1/6 of the shorter wavelength was followed. Considering shear waves propagating at 250m/s and the maximum frequency of 100 Hz, the finite element size was limited to 40cm. In what concerns to the railway track, a STEDEF solution, resting in the bottom slab, was adopted. The geometry and track mechanical properties are depicted in Figure 4 For the rolling stock, a 446 series suburban type train, at a running speed of 25 m/s, was considered. The geometry and the static loads for this train are presented in Figure  5 . The mass of 1500 kg was assumed for each wheelset (unsprung mass). 
Analysis for point load
The parametric study was performed in two distinct stages, the first one, a preliminary stage, where the excitation is provided by a unitary stand-still load with variable frequency applied directly in the bottom slab of the system. For this analysis, An overview of the results depicted in Figure 6 allows to conclude that there is a strong attenuation in the higher frequency range when the distance source-receiver increase. This effect is mainly due to material damping which effect is more evident with the increasing of the frequency. Nevertheless, a more detailed analysis of the results show the existence of an amplification zone registered between the 6 m and the 12 m point, particularly noted for a range of frequencies between 20 and 50 Hz. This can be explained if the geometric characteristics of the transversal section were attended, being easily understood that the vibrations, have to steer round the buried part of the diaphragm wall, leaving the zone close to the retaining wall free from their action.
Independently of the receiver point location, the transfer functions depicted in Figure  6 show a specific peak of the displacement response, obtained for frequencies around 25Hz. The occurrence of this resonant effect can be explained through a simple analogy to a single degree oscillator, where the mass is given by the mass of the walls and bottom slab and the stiffness is provided by the ground. Actually, a frequency of 25.9 Hz is obtained from the following equation:
where the static stiffness K is evaluated for static conditions ( 1 =0).
3D Analysis for a train passage
Since the main goal of the study is to give a contribution for the knowledge about vibration effects induced by railway traffic in trench cross-sections, the effects induced by the passage of the train at a speed of 25 m/s is here considered. Figure 7 depicts the vertical velocity time records for different locations at the ground surface. As can be seen, there is an amplification of the peak vertical velocity at points located at 6.0 m and 12.0 m when compared with the results observed for the point located 3.0 m away from the retaining wall. This effect agrees well with the explanation presented in the section above, being clear that the wall acts as a partial shield for a region close to the trench. Figure 8 shows the same results as Figure 7 , but now in the frequency domain through one-third octave bands. From this representation it is clear that the response in the points located at 6 m and 12 m is amplified in the frequency range between 25 Hz and 60 Hz when the results are compared with those obtained for the point located 3 m away from the retaining wall. On the other hand, the response of point located 18 m away from the wall is attenuated in whole frequency range, but with more emphasis in the higher frequencies denoting the impact of the material damping. 
Influence of the Geotechnical Profile
It is well known that the geotechnical conditions play an important role on the vibration fields generated by traffic vibrations. To investigate the impact of the geotechnical profile on the present case study, two variant scenarios where considered: i) a homogeneous ground with a stiffness four times larger than the reference scenario; ii) A layered ground scenario, where the a layer with same properties as the reference scenario is overlaying a stiffer half-space (see Figure 9 ). Figure 10 shows the vertical displacement transfer functions for the distinct receiver locations and for the different scenarios under analysis due to a stand-still point load located in the bottom slab of the retaining structure. A global overview of the results show that for frequencies up to 30 Hz there is an attenuation of the vibration level with the increase of the soil stiffness. Moreover, for the low frequency range (up to 7 Hz), the dynamic response of the layered ground is very similar to that one obtained with the stiffer ground, showing that the dynamic response is controlled by the deeper layer properties. For the other range of frequencies evaluated, it is observed an approximation of the response pattern for the two homogenous cases. This pattern of the dynamic response, more evident in the points located at larger distance from the wall, is due to the fact that the material damping effect is more pronounced in the softer soil since for the same frequency shorter are the propagated wavelengths. This damping effect partially balances the benefit induced by the increase of ground stiffness.
Comparing now the response of the layered system with the homogeneous ground scenarios, it is clear that the pattern of response is much more complex due to the wave reflection in the layers boundary. Nevertheless, for the frequencies up to 30 Hz, the vertical displacements of the layered system are bounded by the values obtained for the homogenous scenarios. If instead of a point load excitation, the passage of the train is considered, similar conclusions are achieved, as can be seen from the Figure 11 , where the vertical velocity in observation points is depicted in terms of one-third octave band. As expected from the previous analysis, for the lower frequency range, the dynamic response of the layered ground is similar to that one observed for the stiffer homogeneous soil. However, in the frequency range around 60 Hz, the dynamic response of the layered ground is very similar to that one obtained for the stiffer ground and larger than the obtained for the softer one. This aspect justified that the peak vertical velocity can be larger in the stiffer scenarios when compared with the softer case, as can be seen in Figure 12 , where the vertical velocity time history is presented for the different points under analysis. Comparing the different time records depicted in the figure it is possible to see that the difference in the peak velocities is attenuated with the increase of the distance source-receiver. 
Conclusions
In this paper, the authors presented a study about vibrations induced by railway traffic in a trench cross-section. For that task, a numerical model based in a substructuring approach was considered, where a 2.5D FEM-PML approach was used to compute the track-ground response. After the global model presentation, a case study was presented. In this preliminary study, it was possible to compute a complex dynamic response, which being governed by several parameters as the geometry of the crosssection and the ground properties. It was found that the larger vibration levels are not found in the vicinity of the diaphragm walls, but at some distance from it due to the partial shield effect induced by the diaphragm wall. In order to deeper understand the behavior of the global system, an additional studied was conducted, where a heterogeneous ground profile with a stiffer substratum was considered. In this scenario, there is a complex trend of the ground response with the increase of the distance to the railway track due to the multiple reflections that occur in the boundary between the two layers. Nevertheless, it was possible to identify that for frequencies up to 30 Hz, the dynamic response of the layered scenario is bounded by the response of the homogenous half-space solution assuming the properties of each layer.
